The basis of specificity between pore-forming colicins and immunity proteins was explored by interchanging residues between colicins E1 (ColE1) and 10 (Col10) and testing for altered recognition by their respective immunity proteins, Imm and Cti. A total of 34 divergent residues in the pore-forming domain of ColE1 between residues 419 and 501, a region previously shown to contain the specificity determinants for Imm, were mutagenized to the corresponding Col10 sequences. The residue changes most effective in converting ColE1 to the Col10 phenotype are residue 448 at the N terminus of helix VI and residues 470, 472, and 474 at the C terminus of helix VII. Mutagenesis of helix VI residues 416 to 419 in Col10 to the corresponding ColE1 sequence resulted in increased recognition by Imm and loss of recognition by Cti.
Colicin-producing bacteria protect themselves by producing immunity proteins that exert an inhibitory role through protein-protein interactions with the activity domain of their cognate colicin (3, 4, 6) . Immunity proteins active against the pore-forming colicins are localized in the cytoplasmic membrane (2, 7), where they inhibit channel-formation during the process of colicin association with the membrane.
The pore-forming colicins, including E1, A, B, Ia, Ib, N, 10, 5, and K, are composed of three major domains, including the C-terminal channel domain that forms a voltage-gated ion channel in the cytoplasmic membrane sufficiently conductive to depolarize and kill the cell. The structure of the soluble channel-forming domain of colicins A, E1, and Ia have been determined by using X-ray crystallography and shown to form a 10-helix bundle composed of eight ␣-helices surrounding a central hydrophobic helical hairpin (5, 13, 19) . Upon membrane binding, the outer helices extend into a flexible, twodimensional helical net embedded in the interfacial or lipid headgroup region of the membrane (12, 20) . Application of a voltage induces the hydrophobic hairpin, helix VI, and a variable upstream region to adopt a transmembrane orientation, leading to the formation of the open channel (10, 16) .
The immunity protein for colicin E1 (ColE1), Imm, is a 13-kDa integral membrane protein, composed of three transmembrane helices (18) . imm ϩ Escherichia coli are resistant to a titer of purified ColE1 that is 10 4 to 10 5 greater than is needed to kill imm strains. Although it is known that the immunity protein of the pore-forming colicins interacts with the C-terminal channel domain (2, 8, 15) , neither the structure of this inhibitory complex nor the specific residues which determine the colicin-immunity interaction are understood. A key aspect of the colicin-immunity interaction is that the different channel-forming colicins are recognized to different extents by immunity proteins cognate to other colicins. In previous studies, creation of hybrid proteins between related colicins has been used to identify regions that determine immunity recognition between the A-type colicins, ColA and ColB (8) , and also between two E-type colicins, Col5 and Col10 (15) . Prior to the identification of Col10 (14) , no colicin had been identified with sufficient sequence similarity to ColE1 to use this approach for the identification of residues involved in ColE1 association with Imm.
Extensive structural and genetic analyses have been conducted on the enzymatic colicins (i.e., E7 and E9) which are cosynthesized with soluble immunity proteins that bind to the colicin activity domain within the producing cell. Like the pore-forming colicins, enzymatic colicins exhibit a high degree of specificity in binding their immunity proteins. Mutagenesis and thermodynamic studies have revealed that, while many residues conserved between ColE7 and ColE9 are involved in binding their respective immunity proteins as predicted here, it is the divergent residues that determine the specificity of the colicin-immunity interaction (4, 11) .
Substitution of residues 419 to 501 in ColE1 with the corresponding region from Col10 reverses recognition by Imm and Cti. The channel-forming domains of ColE1 and Col10 share 62% amino acid identity ( Fig. 1) Fig. 2) .
In preparation for the construction of mutants with altered immunity recognition, cti was amplified from pHP10 by PCR and cloned into pT7ColE1-Imm to create pT7ColE1-Imm-Cti.
Following insertion of a novel NheI site into the codons for ColE1 residues 417 to 418, the codon region from residues 419 to 501 in Col10 was amplified, and the product was cloned into the Nhe and EcoRI sites of colE1. The hybrid colicin, ColE1-Col10(419-501), produced by this clone was found to have relative activity levels toward imm ϩ and cti ϩ E. coli comparable to that of wild-type Col10 (Table 1 , section A, and Fig. 2A ). For these experiments, imm and cti were cloned into pT7-7 and expressed constitutively, providing the indicator cells with a level of resistance to wild-type ColE1 and Col10 comparable to that afforded by original pColE1 and pCol10 plasmids.
Substitution of all divergent residues in ColE1 between residues 419 and 501 reveals two regions involved in immunity protein recognition. Comparison of the ColE1 and Col10 sequences reveals the presence of 34 divergent amino acids between residues 419 and 501 ( Fig. 1) , the locations of which suggest several candidate regions for immunity recognition. The segment in the sequence corresponding to helix VI in the X-ray crystal structure (5) is an obvious candidate since it encompasses the region of highest divergence between both ColE1 and Col10, as well as between Col10 and Col5. Construction of reciprocal hybrid proteins from Col10 and Col5 has confirmed that candidate recognition determinants include this region (15) . Divergent residues between 470 and 480 are also potential recognition determinants (22) , as are divergent residues in the turn region from residues 484 to 494 of the hydrophobic hairpin (8, 17) .
To evaluate the involvement of these regions, as well as the potential roles of the other divergent residues in the interaction of ColE1 with Imm and Cti, nonconserved residues in ColE1 were mutagenized to the corresponding sequences in Col10 using the PCR-based "megaprimer" method (1). Plasmids were purified using standard techniques, and sequencing was performed by the Purdue Center for DNA Sequencing. Wild-type and mutagenized ColE1 were purified as previously described (21) and quantitated using the Bradford assay (BioRad, Hercules, Calif.). The majority of the introduced mutations did not cause any change in the activity of ColE1 toward cells expressing Imm or Cti relative to cells lacking immunity protein (Table 1 , section B). These included mutations in residues 429 to 434 in helix V, where the sequence was changed from 429 DQFAKY to 429 EKISRA and the helix V-VI loop (changed to 437 V--YL), as well as those in the hydrophobic hairpin and the interhelical loop (changed to 483 M--FIV-AP--F-----I). The only region for which substitution of Col10 sequences led to increased (10 2 to 10 3 -fold) activity toward imm ϩ E. coli was the N-terminal half of helix VI (changed to 448 WDGT) ( Table 1 , section B). In addition to showing increased activity on imm ϩ E. coli, ColE1 carrying the 448 WDGT mutation exhibited a subtle but reproducible decrease in activity toward cti ϩ E. coli as manifested by increased turbidity at the dilutions at which ColE1 is active. A similar decrease in relative activity toward cti ϩ E. coli was observed for ColE1 carrying the mutations 470 S-V-F (Table 1, section B) . Activity for the various mutants is presented in relative terms, since levels of cytotoxicity toward E. coli lacking immunity varied, with reductions in cytotoxicity generally correlated to the number of mutations that had been introduced. The initial hybrid colicin, ColE1-Col10(419-501) was 20-fold less cytotoxic toward E. coli lacking immunity than ColE1, while the mutants described in this section (Table 1 , section B) exhibited 2-to 5-fold reductions in cytotoxicity. Mutagenesis of V448 alters ColE1 recognition by Imm and Cti. Specific sites in helix VI involved in recognition by Imm and Cti were identified by individually mutagenizing residues 448 to 451 to their corresponding Col10 sequences. ColE1 carrying the V448W mutation showed enhanced activity toward imm ϩ E. coli similar to that observed for the 448 WDGT mutation (Table 1 , section C, and Fig. 2A) , while the S449D, D450G, and I451T mutations had no effect on activity relative to wild type ColE1 (Table 1 , section C). When activity levels toward cti ϩ E. coli were evaluated, none of the mutations caused an increase in recognition by Cti relative to wild-type ColE1 (Table 1 , section C), suggesting that the increased turbidity observed for ColE1 448 WDGT on cti ϩ E. coli is determined by two or more residues. Residues in the 474 S-V-F region, at the C terminus of helix VII (5), were also mutagenized individually, but none led to an increase in Cti recognition relative to wild-type ColE1, indicating that the increased turbidity observed for ColE1 474 S-V-F on cti ϩ E. coli is similarly determined by two or more residues (data not shown).
Because the V448W mutation significantly altered the interaction of ColE1 with Imm, the effects of substituting alternative residues at this site were tested. Both the mutations V448Y and V448R in ColE1 resulted in an increase in activity toward imm ϩ E. coli comparable to that of ColE1 carrying the V448W mutation. Introduction of V448Y to ColE1 resulted in decreased activity toward cti ϩ E. coli relative to ColE1 V448W (Table 1 , section D). In contrast, the V448R mutation led to a 10 2 -fold enhancement of activity toward cti ϩ E. coli relative to ColE1 V448W (Table 1 , section D). No reduction in cytotoxicity toward E. coli lacking immunity was observed for ColE1 carrying mutations at a single site. Collectively, these results demonstrate that the identity of residue 448 can alter interactions between ColE1 and both immunity proteins even though the V448W mutation alone does not confer enhanced recognition by Cti. Although ColE1 448 WDGT and ColE1 V448W exhibit an increase in activity toward imm ϩ cells and, in the case of ColE1 448 WDGT, a slight decrease in activity toward cti ϩ E. coli, these mutations caused only a partial conversion to the Col10 phenotype. To determine whether mutagenesis of additional regions of ColE1 448 WDGT--GLK would produce a phenotype more closely resembling that of Col10, the 419 IT--E, 429 EKISRA, 437 V--YL, 470 S-V-F, and 486 FIV-AP--F mutations were individually introduced into ColE1 448 WDGT--GLK. ColE1 carrying the combined mutations exhibited 7-to 10-fold decreases in cytotoxicity toward E. coli lacking immunity, but none showed an increase in relative activity toward imm ϩ E. coli equivalent to that observed for Col10. However, addition of 470 S-V-F to 448 WDGT--GLK resulted in loss of the small amount of residual activity observed for ColE1 with 448 WDGT--GLK toward cti ϩ E. coli (Table 1 , section E). A similar loss in activity toward cti ϩ E. coli was observed when 437 V--YL was added to 448 WDGT--GLK, although this change was paralleled by a loss in activity on imm ϩ E. coli as well ( Table 1 , section E). These results suggest that while residue 448 is the predominant determinant governing association between ColE1 and Imm, multiple residue changes in both the N terminus of helix VI and the C terminus of helix VII are required to induce complete recognition of ColE1 by Cti.
Substitution of Col10 residues 416 to 419 with residues 448 to 451 from ColE1 causes loss of recognition by Cti and increased recognition by Imm. The structural gene for Imm was introduced into pHP10, the expression plasmid for Col10, and residues 416 to 419, predicted to be at the N terminus of helix VI in Col10 (Fig. 1) , were mutagenized to VSDI, the corresponding sequence from ColE1 (Fig. 1) . Wild-type and mutagenized Col10 were purified as described elsewhere (15) . The resulting protein was found to have a 10 3 -fold increase in activity toward cti ϩ E. coli and a 10 2 -fold decrease in activity toward imm ϩ E. coli relative to wild-type Col10 (Fig. 2B) , thus confirming that residues at the N terminus of helix VI are important for immunity protein recognition in Col10 as well as ColE1.
The result obtained here support and extend the model previously proposed by Pilsl and Braun that inactivation of E-type colicins by their immunity proteins occurs via interaction between the voltage-gated regions of colicin and the transmembrane helices in immunity proteins (15) . Studies of the membrane-bound, closed-channel state indicate that helix VI is positioned within the headgroup region, parallel to the plane of the membrane (20) . As such, it would be accessible only to the small periplasmic loop of immunity protein, deletion of which has been shown to have no effect on the colicin-immunity association (9) . However, upon voltage-gating, helix VI adopts a transmembrane orientation, placing it proximal to the transmembrane helices of immunity protein which have been shown, in the Col10 and Col5 systems, to contain colicin recognition determinants (15) . The C terminus of helix VII, containing residues 470 to 474 and implicated in recognition by Cti, is believed to become part of transmembrane helix VIII upon membrane binding (5), placing residues 470 to 474 proximal to the transmembrane helices of immunity protein. . Colicin activity tests on E. coli K17(DE3) indicator cells containing pT7-7, pT7Imm, or pT7Cti. Undiluted colicin was spotted onto the indicator cells at the top center of each plate with serial dilutions applied to the plate in a clockwise fashion where "1" represents a 10-fold dilution, "2" represents a 10 2 -fold dilution, etc., with the starting concentration adjusted so as to yield equivalent levels of cytotoxicity on E. coli (pT7-7). Relative activities are displayed for wildtype ColE1, the ColE1-Col10 hybrid colicin with residues 419 to 501 derived from Col10, and ColE1 carrying the V448W mutation (A) and for wild-type Col10 and Col10 mutagenized to the ColE1 sequence at residues 416 to 419 (B). The locations of the mutations, the wild-type sequence, and the sequence in the mutagenized version are indicated above each column of activity tests. Locations of unmutagenized residues within the given regions are indicated (Ϫ). Each test was repeated a minimum of three times, and a representative example is shown. 
